The analysis of the sea surface reflectance for different incidence angles based on observations of an airborne Doppler lidar at an ultraviolet wavelength of 355 nm is described. The results were compared to sea surface reflectance models, including the contribution from whitecaps, specular reflection, and the subsurface volume backscattering. The observations show the expected effect of the wind stress on the sea surface reflectance and allow new insights into the significant contribution from subsurface reflectance for large incidence angles. While most of the observations and model results were obtained for isotropic reflectance, first results on anisotropic reflectance are also provided. The results from this study are relevant to future spaceborne wind lidar instruments, for example, the Atmospheric Dynamics Mission (ADM)-Aeolus, which could use the sea surface reflectance for the calibration of intensity and wind.
Introduction
The wind-driven sea surface waves with the combination of capillary and capillary-gravity waves, the influence of wind on the whitecaps coverage of sea surface, and the uncertainty of subsurface water volume backscattering, motivated a study on sea surface reflectance. For Fresnel optical reflection on the sea surface, the relation between the sea wave slope variance and sea surface wind speed (SSW) was studied over several decades, such as by Cox and Munk (1954) , Wu (1972 Wu ( , 1990 , and Hu et al. (2008) . They developed different models for sea wave slope variance for the simulation of the optical reflection at sea surface. Optical remote sensing with lidar (light detection and ranging) was applied for analysis of laser backscattering from the sea surface. Bufton et al. (1983) reported airborne measurement of laser backscatter from sea surface using laser wavelengths at 337 nm, 532 nm, and 9.5 mm, and comparisons were made with model predictions up to 158 off-nadir angle. Menzies et al. (1998) described the sea surface reflectance and the link to surface wind speed with observations from the space-based Lidar InSpace Technology Experiment (LITE), and provided expressions for a sea surface reflectance model. The measurements at wavelengths of 1064, 532, and 355 nm were used for the analysis of sea surface reflectance: the 1064-nm data could be fitted well with the model curves; the 532-and 355-nm channels showed a large difference for large off-nadir angles due to the neglected subsurface backscattering in the models and the limited signal dynamic range of 10 2 for the lidar detection. Tratt et al. (2002) performed the first airborne Doppler lidar investigation of the wind-modulated sea surface angular retroreflectance signature; the anisotropic retroreflectance behavior of sea surface was studied at an infrared (IR) wavelength of 10.6 mm.
The sea surface reflectance models can be studied and validated by the use of spaceborne and airborne lidar instrument. The spaceborne lidar backscatter measurements on the Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observations (CALIPSO) were used to derive the SSW from the relation between SSW and sea wave slope variance (Hu et al. 2008) . The Atmosphere Dynamics Mission (ADM)-Aeolus of the European Space Agency (ESA 2008) will be the first Doppler wind lidar mission in space. This study will contribute to the consolidation of the sea surface reflectance model for ultraviolet (UV) wavelengths for different incidence angles and SSW. The sea surface reflectance signal is used for calibration of the satellite instrument when nadir-pointing. The sea surface return might be used for obtaining a zero-wind reference in addition to land surface returns in wind-measurement mode with incidence angles of 37.68, in order to compensate for errors in the knowledge of the satellite platform attitude and speed (zero-wind calibration).
The subsurface backscattering should be taken into account at visible and UV wavelengths, because of its more significant contribution relatively to IR wavelengths. In the past, only a few experiments have been done for the validation of sea surface reflectance, especially for visible and UV wavelengths under different incidence angles. The Atmospheric Laser Doppler Instrument (ALADIN) Airborne Demonstrator (A2D), operating at a UV wavelength of 355 nm, was developed by the Deutsches Zentrum fü r Luft-und Raumfahrt (DLR), and the first test flights were performed in October 2005. The A2D is the airborne prototype for the instrument ALADIN on ADM-Aeolus. The observations of sea surface reflectance for different off-nadir angles used for this study were obtained during the airborne campaigns in 2007 and 2008.
The A2D system and the airborne campaigns are described briefly in section 2. Section 3 contains a discussion of all the contributions to the sea surface reflectance models. Section 4 describes the observations of the sea surface return from the A2D airborne campaigns and the comparison with the sea surface reflectance models. Finally, conclusions and an outlook are presented in section 5.
Lidar description and airborne campaign
The lidar instrument ALADIN on ADM-Aeolus is developed to measure vertical profiles of one wind component within the troposphere and lower stratosphere with high accuracy (ESA 2008) . A new technique, combining an aerosol Mie and a molecular Rayleigh receiver to benefit from their complementarities in vertical coverage, is used by ALADIN. The main system parameters of the airborne prototype of ALADIN-the A2D-are listed in Table 1 .
The objective of the airborne and ground campaigns with the A2D is to validate the predicted instrument and wind measurement performance and to establish a dataset of atmospheric observations for the validation and improvement of retrieval algorithms (Durand et al. 2006; Reitebuch et al. 2008 Reitebuch et al. , 2009 Paffrath et al. 2009 ). The ground return, including land and sea surface, was obtained during airborne campaigns in 2007 and 2008. Due to the similarity in signal spectrum for aerosol backscattering and ground return, the ground return signal can be extracted from the Mie receiver with a Fizeau interferometer by summing all detectors pixels containing ground return signal. Normally, when the aircraft follows a straight flight track, the instrument is pointing at an angle of 208 off-nadir downward to measure the line-ofsight (LOS) velocity (LOSV). Thus, by rolling the aircraft about 208, an off-nadir angle of around 38 for the LOS can be achieved (the residual 38 off-nadir angle results from the pitch angle of the aircraft); by rolling the aircraft about 217.58, an off-nadir angle of around 37.58 for the LOS can be achieved, which is close to the off-nadir angle of the satellite instrument LOS (Fig. 1) . In this way, the relation of relative sea surface backscattering intensity and the angle of incidence can be analyzed. The beam footprint at sea surface depends on the beam divergence, flight altitude, and off-nadir angle, and values are Accumulation charge coupled devices (ACCDs) are used as detectors with a high quantum efficiency of 85% and low noise, which improves signal-to-noise ratio (SNR) for the sea surface return, especially for the weak signals at a large off-nadir angle. The dynamic range of the ACCD is 6 3 10 5 , which is sufficient for the expected several-orders-of-magnitude dynamic range of the sea surface return for nadir and off-nadir angles up to 37.58.
Observations with sea surface return for different offnadir angles from four flights were analyzed, and the corresponding nearby locations and flight altitudes are provided in Table 2 . An example of a track with circle flights resulting in different off-nadir angles is shown in Fig. 1 . Each circle track has a duration of ;4 min and a radius of ;10 km.
Sea surface reflectance models
The total sea surface reflectance can be divided into three contributions: the backscattering of whitecaps on the sea surface (Koepke 1984) , the specular reflectance of the sea surface (Barrick 1968) , and the light backscattered by the subsurface (Morel and Prieur 1977; Morel 1980; Gordon and Morel 1983) . The total reflectance can be written as (Menzies et al. 1998 )
where R is the total sea surface reflectance; the first component R wc is the reflectance of the whitecaps; the second component (1 2 W)R s is the specular reflectance from areas that are not covered by whitecaps, where R s is the Fresnel specular reflectance, and W is the relative area covered by whitecaps; the third component (1 2 R wc )R U is the contribution from the volume backscattering of the water molecules and suspended materials in the water, where R U is the equivalent subsurface reflectance. The third component is based on the assumption that the reflectance of whitecaps is the same for incident light coming from above or under the surface, thus reducing the underwater reflectance by the factor (1 2 R wc ). The details for the three contributions are described below.
a. Whitecaps contribution
The effective reflectance of the whitecaps R wc,eff on the sea surface and the fraction of the surface coverage W describe the optical reflectance of whitecaps R wc . The effective reflectance is found to be 22% in the visible spectral range by Koepke (1984) , and we assume that there is no significant difference for a wavelength of 355 nm. The reflectance of the whitecaps is proportional to coverage of whitecaps W.
Several statistical studies describe W as a function of wind speed U measured at 10 m above the sea surface (Monahan and O'Muircheartaigh 1980, 1986) . Estimates of the fractional coverage of whitecaps have been carried out previously by photographic methods, either from space or from a stationary platform above the ocean surface. Monahan and O'Muircheartaigh (1980) summarized the relationship between W and U, which has been validated for wind velocities between 4 and 25 m s 21 :
W 5 2.95 3 10 À6 U 3.52 .
The fact that the coverage of whitecaps is related to the atmospheric stability was shown by Monahan and O'Muircheartaigh (1986) , and a reanalysis of data including the atmospheric stability yielded
FIG. 1. Example of flight track over the Adriatic Sea on 28 Nov 2007, the first curve with ;38 off-nadir angle, the following curves with ;37.58 off-nadir angle, and the straight flight with ;218 offnadir angle. 
where DT 5 T a 2 T w represents the temperature difference between the air T a and the water T w ; DT is a measure of the atmospheric stability, where DT 5 0 K indicates a stable atmosphere. The backscattering of whitecaps can be treated as a Lambertian reflector, which appears equally bright in all directions when illuminated. When the geometry is off-nadir, the reflectance is depending on the off-nadir angle u and can be written as
The atmospheric stability could not be derived from the airborne observations. Thus, for all comparisons between simulations and observation, Eq. (3) is used with DT 5 0 K (stable atmosphere). Figure 2 illustrates the difference in whitecaps reflectance for an unstable condition with DT 5 22 K, which results in a factor of 1.19 higher reflectance. For unstable atmospheric conditions the whitecap contribution will rise exponentially, which is significant for high wind speed conditions. An effective reflectance of 22% and the fractional coverage depending on wind speed for stable situation (Eq. 3) are used for the analysis in this paper. It should be mentioned that the laser beam footprint of ;1 m is rather small, and the whitecaps could be not adequately sampled. The error should be limited because of the low contribution from whitecaps explicitly for the low SSW, which results in a contribution of below 10 23 sr
21
.
b. Specular reflectance
The wave facet of capillary and capillary-gravity waves at surface directly affects light reflectance by the sea surface, which is described by the wave slope variance. Cox and Munk (1954) expressed a linear relationship between wind speed U at 12.5 m above sea surface and the variance s 2 of the slope distribution, which was calculated from measurements of the bidirectional sea surface reflectance pattern of reflected sunlight. It is assumed that the slope distribution is a Gaussian function with a variance s 2 :
This relation is based on the assumption of an isotropic contribution (i.e., azimuthally averaged). Cox and Munk (1954) 
In the following, we use the wind speed U at 10 m above the sea surface instead of 12.5 m. Wu (1990) reanalyzed the data of Cox and Munk (1954) by using a two-branch logarithmic fit; the equations are expressed as s 2 5 0.0276 log 10 U 1 0.009 (U , 7 m s À1 ),
When the wind speed is less than 7 m s 21 , capillary waves are the predominant component of wind-driven waves. When wind speed exceeds 7 m s 21 , the surface becomes rougher and gravity waves become more important (Wu 1990) .
The relation between SSW and wave slope variance was assessed by Hu et al. (2008) on a global scale using the collocated wind speed measurements from the Advanced Microwave Scanning Radiometer-Earth Observing System (AMSR-E) and the wave slope variance derived from the sea surface integrated backscatter of the CALIPSO lidar: 
Although the recent analysis by Hu et al. (2008) is based on a more comprehensive global sampling with the use of a spaceborne lidar, we adopt the linear relationship of the model of Cox and Munk (1954) in this paper to describe the wave slope variance of the sea surface because of the anisotropic situation present. Also, the three different types of relation between SSW and wave slope variance show good consistency for SSW up to 20 m s
21
, which is illustrated in Fig. 3 . The specular reflectance R s of the sea surface is expressed as (Menzies et al. 1998) R s 5 r 2ps 2 cos 4 (u) exp À tan 2 (u)
where r is the Fresnel reflectance. It is derived from the refractive index of seawater, and r 5 0.0219 is used for the wavelength at 355 nm. Figure 4 shows the simulation results of the sea surface specular reflectance depending on the off-nadir angles and the SSW with a very low contribution for large off-nadir angles.
The anisotropic reflectance behavior is described in the following form (Tratt et al. 2002) :
where s9 2 is the azimuth-dependent wave slope variance estimated according to
where f is the angle subtended by the direction of wind flow and the lidar viewing azimuth.
c. Subsurface contribution
Backscattered radiation from the water volume should be considered to predict the sea surface reflectance for UV and visible laser wavelengths, but it is negligible for longer wavelengths because of the strong absorption in water. However, it is difficult to describe this contribution, because of the uncertainty of the seawater optical properties. Normally, the water column backscatter is handled as Lambertian backscatter (Gordon and Morel 1983) in general cases, and a parameter R 0 , which is called the equivalent subsurface reflectance, is defined to describe the subsurface backscattering as subsurface irradiance at zero depth (located just below the surface). The subsurface R U reflectance can be written as
A popular expression of R 0 is shown in Eq. (13), which was derived by both Morel and Prieur (1977) and Whitlock et al. (1982) :
Relations between SSW and sea surface wave slope variance s 2 from previous studies: the Cox and Munk (1954) model has a linear relation; the Wu (1990) 
where f 0 is the proportionality factor for irradiance reflectance based on the geometry of the incoming light and the volume scattering in water. The inherent optical properties of the water are described by the volume absorption coefficient a(l) and the backscattering coefficient b b (l). The expression is valid for infinitely deep water, where the only contributor to the reflected signal is the water body rather than the ocean floor. For open ocean with clean water a constant proportionality factor f 0 5 0.33 is commonly used and is sufficient for many applications (Tyler et al. 1972; Albert 2003) . A value of R 0 5 0.0088 is used for UV wavelengths for clean ocean water according to Bufton et al. (1983) , where also values for a 5 0.32 m 21 and b b 5 0.017 m 21 are provided, which result in a factor-of-2 higher value for R 0 when using Eq. (13) and f 0 5 0.33. The variation of the ocean turbidity will determine the value of R 0 , within a range from 0.008 to 0.02 (Morel and Prieur 1977) . The turbidity of the water was not determined from the airborne observations, and thus a value for clean ocean water of R 0 5 0.0088 was chosen for the model simulations. The SSW shows very weak influence on this term, and the error is below 1% when the SSW influence is neglected, which was calculated using an analytical model by Albert (2003) .
Thus, the full description of the sea surface reflectance model, including the off-nadir angle u, and the terms W and s 2 depending on the SSW according to Eqs. (3) and (5), is expressed as Figure 5 shows the sea surface reflectance resulting from the model of Eq. (14) for different SSW and different incidence angles. Two situations, with and without subsurface contribution, are considered. The difference is very small for off-nadir angles below 108, but it becomes noticeable when the off-nadir angle is larger than 158. For off-nadir angles larger than 308, the contribution of specular reflectance is very low, but the contribution from the subsurface plays a dominant role and results in a contribution that does not depend on SSW. The sea surface reflectance for low SSW and off-nadir angles larger than 308 is nearly two orders higher when the subsurface contribution is taken into account. For large off-nadir angles, the contribution from subsurface reflectance will dominate when the SSW is low, and the error mainly arises from the uncertainty in R 0 . The contribution from whitecaps reflectance will play an important role, when the SSW increases and the temperature difference between water and atmosphere increases, leading to unstable conditions. The errors in the simulations of the whitecaps reflectance arise mainly from the unknown atmospheric stability and the error in the effective reflectance provided by Koepke (1984) with (22 6 11)%. The error from the specular reflectance is low due to its small contribution to the overall reflectance for large off-nadir angles. For an SSW of 10 m s
21
, the contribution of specular reflectance is lower than 10 23 sr 21 for off-nadir angles larger than 308. Thus, the error from the specular reflectance is lower than 15%. The sea surface reflectance model is analyzed for UV wavelengths using airborne lidar observations for difference incidence angles in the following.
Field experiments data analysis a. Data analysis
Airborne observations with the A2D from different flights were used for this study according to Table 2 . The raw data from the ACCD detector contains the signal of a number of P 5 20 accumulated laser pulses. The sea surface return can be regarded as the combination of Lambertian reflection and mirror specular reflection. It shows a similar small-frequency bandwidth as the outgoing laser pulse or aerosol signal and can be well detected by the Fizeau interferometer of the Mie receiver. Figure 6 shows an example of the measured signal intensity from one range gate of the Mie ACCD for P 5 20, in which the sea surface return for three different offnadir angles is clearly separated. The sea surface return at large off-nadir angles of 37.58 is much weaker compared to lower off-nadir angles and is close to the atmospheric signal above the sea surface.
The first step in the analysisis the determination of the range gate in which the sea surface is located. The gradient of intensity shows almost no height dependency for a clear atmosphere without clouds, except close to the lidar instrument, but shows high values for the sea surface return. The range gate of sea surface return can be determined by setting threshold levels on the gradient signal to extract the upper and lower boundaries. Usually, the sea surface return is contained in one range gate.
The highest temporal resolution of the ACCD is 2.1 ms, which corresponds to 315-m range gates. Because of the 315-m range resolution, the contamination of atmospheric signal in the range gate of the sea surface return for the weak signals at large off-nadir angles cannot be neglected. The range r 0 from the aircraft to the sea surface is determined from the flight altitude and off-nadir angle. The range r 1 is the distance of the aircraft to the lower boundary of the range gate of the sea surface return and is calculated by using the commanded range resolution for the ACCD. The portion of the atmospheric signal in the range gate of the sea surface return with a 315-m range resolution is (r 1 2 r 0 )/315. The corrected intensity for the sea surface return I SSR is calculated by subtracting the range-square corrected atmospheric signal of the range gate above the sea surface return from the total intensity of the sea surface return I9 SSR :
where I9 ato is the intensity of the atmospheric signal of the range gate above sea surface return, and r 2 ato and r 2 SSR are the detection ranges of the atmospheric signal and the sea surface return. The sea surface return was obtained during weather conditions of clear sky with no or low cloud cover. Raw data with a temporal resolution of 0.4 s (P 5 20) are averaged over 2 min (;½ circle flight for 38 and 37.58 off-nadir angles) in order to improve the SNR of the sea surface return and are used to derive the sea surface return intensity. The sea surface return for different offnadir angles is detected at different ranges; thus the ratio of the sea surface return and the atmospheric signal of the range gate above the sea surface return is used as a relative intensity for normalization. This method assumes temporal and horizontal spatial homogenous aerosol distribution above the sea surface in the area of the circle flights (10-50 km). With this method, the influence of differences in extinction for different ranges can be eliminated, but the relative intensity becomes weighted by the backscatter coefficient of aerosol above the sea surface. From the airborne measurements with the A2D it is not possible to derive an absolute, calibrated value for R in units of sr 21 , because of the lack of radiometric calibration on land surface targets as performed by Tratt et al. (2002) . The method of the signal normalization to stratospheric altitudes with no aerosol as applied for CALIPSO and LITE observations (Hu et al. 2008; Menzies et al. 1998) does not work properly because of the low flight altitude of 8-12 km. As the main purpose was to study the reflectance under different incidence angles, no absolute calibration of the lidar signal was necessary. For the comparison, the ratio of observations for different off-nadir angles u 1 and u 2 is used to derive the SSW used in the model. The SSW is derived from minimization of the difference of the observation compared to the simulated sea surface reflectance according to
where r I is the observed intensity ratio of the sea surface return I SSR and the atmospheric signal I9 ato . The off-nadir angles of 38 and 218 are normally used in the analysis in this paper. All airborne observations of the same day are multiplied by a factor f for normalization according to Eq. (17):
where u i is the off-nadir angle of observation i. The relative intensity is related to the aerosol influence above the sea surface. The factor f is used to normalize the relative intensity r I (u i ) by comparison with reflectance R(u i , SSW).
b. Discussion of results
Sea surface returns over the Balearic Sea were obtained during a flight on 17 November 2007 with offnadir angles of 38 and 218. While the aircraft was rolling, 12 observations with 0.4-s temporal resolution can be used for analysis. Figure 7 shows the comparison between the sea surface reflectance from the calculated relative intensity for different off-nadir angles and model curves for SSW from 12 to 15 m s 21 . The lidar observations are averaged over 2 min for 38 and 218 off-nadir angles, and they match the model curve for an SSW of 12 m s 21 . The lidar observations with ;0.4 s follow the model curves with a large variation due to their low SNR. A wind speed of about 10 m s 21 was obtained by the scatterometer on QuikSCAT (Fig. 12; Callahan 2006 ), but with a difference of about 3 h between the lidar observation and QuikSCAT.
The flights on 19 and 28 November were performed over the Baltic and Adriatic Seas, and Figs. 8 and 9 show the lidar observations of the sea surface reflectance and the simulated model curves. The three observations for different off-nadir angles follow the model curves for 5-6 and 6-7 m s 21 SSW on 19 and 28 November, respectively. The dispersion of observations with low SNR obtained with a temporal resolution of ;0.4 s in Fig. 7 and Fig. 9 also indicates the azimuthal dependency of sea surface reflectance model. A small difference at 37.58 off-nadir angle is observed for both days due to the uncertainty of subsurface reflectance contribution in the model and the error from the aerosol correction in the range gate of sea surface return in Eq. (15). The measured SSW by QuikSCAT indicates a SSW of about 5 m s 21 with a 2-h time difference for both days. The mean isotropic wave slope variance of Cox and Munk (1954) model is used for simulations; however, sea surface angular reflectance is modulated by the wind as confirmed by Tratt et al. (2002) . So the wind direction and anisotropic reflectance behavior should be considered. Figure 10 shows the dependence of the sea surface reflectance from azimuth angle with a SSW of 6 m s 21 and off-nadir angles of 108, 208, and 358 according to Eq. (10) and Eq. (11). The sea surface reflectance varies by a factor of 1.75 for differences in azimuth angle of 908 for off-nadir angles of 208, while it is almost constant for large off-nadir angles of 358.
The slope distribution for observations at 38 and 37.58 off-nadir angles is closer to a mean slope variance than for the 218 off-nadir angle. The 38 off-nadir observations are obtained within a circle flight as the average value of upwind and crosswind wave slope variance, while the 218 off-nadir observations are obtained from a straight flight. Figure 11 shows the model and observation results for 17 December 2008, with three types of slope variance: upwind-downwind, isotropic, and crosswind. Five observations at different off-nadir angles are analyzed, and the derived SSW is around 15 m s
21
. This is higher than the SSW of around 10 m s 21 from the National Aeronautics and Space Administration (NASA) Quick Scatterometer (QuikSCAT), which was obtained with a time difference of 4 h (Fig. 12) . The observation at 208 deviates from the isotropic model because of windmodulated sea surface angular reflectance, as the crosswind situation is obtained from the LOS direction of the lidar and the wind direction from QuikSCAT. The error bars with 625% atmospheric signal correction are included for the observations at 318 and 368 offnadir angles, because of the uncertainty of the portion of the atmospheric signal in the range gate of sea surface return.
For the observations at a large off-nadir angle of 37.58, the sea surface reflectance is about 2.1 3 10 23 sr 21 for an SSW of around 5 m s 21 for both days (Figs. 8, 9 ). The contribution from the whitecaps is approximately 1 3 10 24 sr
, and the contribution from the specular reflectance can be neglected at these large off-nadir angles (Fig. 4) . Thus, the total reflectance is almost dominated by the subsurface backscattering. The estimated value of R 0 is obtained by comparing the observation with the model for a large off-nadir angle of 37.58. The calculated subsurface backscatter R 0 is about 0.83% for both days, compared to a value of 0.88% provided by APRIL 2010 L I E T A L . Bufton et al. (1983) . Without considering the subsurface reflectance, the total reflectance at 37.58 would be a factor of 50 lower for an SSW of 5 m s 21 . Menzies et al. (1998) estimated a value of 1%-1.5% as the equivalent Lambertian reflectance from the subsurface scattering at a wavelength of 532 nm from observations in the Gulf of California. The calculated value in this paper is lower because of the slightly higher water absorption at the wavelength of 355 nm.
The SSW only slightly influences the subsurface reflectance, which can be treated as constant for identical off-nadir angles and seawater conditions. The whitecaps contribution will change to the predominant part when the SSW increases, which can be seen when comparing Figs. 7 and 11 (high wind speed) to Figs. 8 and 9 (low wind speed) for large off-nadir angles.
Summary and conclusions
The observations of an airborne Doppler lidar at a wavelength of 355 nm under different off-nadir angles are used for this study of the sea surface reflectance for the first time. The sea surface reflectance models, including contribution from whitecaps and specular reflections, are described in detail. The contribution from subsurface backscatter plays a significant role for incidence angles higher than 158. Without considering the contribution from the volume backscattering of the water column, the simulated reflectance would be a factor of 50 for incidence angles of 358-408 and an SSW of 5 m s 21 . Previous measurements at UV wavelengths with the space-based lidar LITE were limited by the dynamic range of the receiver and the signal noise level to sea surface backscatter of 10 22 sr and off-nadir angles of about 158 (Menzies et al. 1998) . Within this study, airborne lidar measurements in the UV up to almost 408 off-nadir angles with sufficient signal levels were presented for low to medium SSW (5-15 m s
21
). Thus, it could be validated that the subsurface backscatter plays a significant role for incidence angles higher than 158 for UV wavelengths of 355 nm. This complements the results obtained by Menzies et al. (1998) for subsurface volume backscattering at the visible wavelength of 532 nm.
The subsurface equivalent reflectance R 0 in the models is difficult to estimate because of the uncertainty of the inherent optical properties of water. The derived value of R 0 from observations at a wavelength of 355 nm over the Baltic and Adriatic Seas is about 0.83%, which is close to the value of 0.88% provided by Bufton et al. (1983) . Because of the large off-nadir angles of 37.58 of the observations, the contributions from specular reflectance and whitecaps can be neglected for low SSW.
The isotropic reflectance could be derived from observations during circle flights of the aircraft while the anisotropic reflectance was observed during straight flights with a constant off-nadir-pointing angle of the lidar. Both the isotropic and anisotropic reflectance show good consistency between observations and simulations. Further observations of the anisotropic reflectance characteristics are needed to consolidate these first results.
The results from this study are relevant to future spaceborne wind lidar missions, such as the Atmospheric Dynamics Mission (ADM)-Aeolus. The sea surface reflectance could be used for calibration of intensity and zero-wind with the instruments pointing at large off-nadir angles in the wind measurement mode (e.g., 37.68 for ADM-Aeolus) and during nadir pointing in response calibration modes. For spaceborne wind lidar missions, which will use high off-nadir angles and UV wavelengths, the subsurface reflectance becomes important compared to the whitecaps and specular reflectance. Further studies have to analyze the influence of the effect of the sea surface movement on the retrieved wind speed of the Doppler lidar instrument for different off-nadir angles.
